In this paper, we consider exploration for multichannel ALOHA by transmitting preambles before transmitting data packets and show that the maximum throughput can be improved by a factor of 2 − e −1 ≈ 1.632, which can be seen as the gain of exploration. In the proposed approach, a base station (BS) needs to send the feedback information to active users to inform the numbers of transmitted preambles in multiple channels, which can be reliably estimated as in compressive random access. Simulation results also confirm the results from analysis.
I. INTRODUCTION
In order to support the connectivity of a large number of devices and sensors for the Internet of Things (IoT), machinetype communication (MTC) has been considered in cellular systems [1] [2] [3]. In fifth generation (5G) systems, it is expected to have more standards for MTC [4] [5] [6] . In general, in order to support a large number of devices (in this paper, we assume that devices and users are interchangeable) with sparse activity, i.e., only a fraction of them are active at a time, random access is widely considered as it can avoid high signaling overhead. In particular, most MTC schemes are based on (slotted) ALOHA [7] , and ALOHA is extensively studied for MTC as in [8] [9] [10] [11] .
Since ALOHA plays a key role in MTC, various approaches are considered for ALOHA in order to improve the performance in terms of throughput (which may result in the increase of the number of devices to be supported). In [12] , contention resolution repetition diversity (CRRD) is considered together with successive interference cancellation (SIC) for a better throughput. The notion of coding is applied to CRRD in [13] [14] , where it is shown that the throughput (in the average number of successfully transmitted packets per slot) can approach 1.
In [15] [16] , the notion of non-orthogonal multiple access (NOMA) [17] is applied to ALOHA so that multiple virtual access channels are created in the power domain without any bandwidth expansion, and it is shown that the throughput can be significantly improved at the cost of high power budget at users. In [18] , the performance of NOMA-based random access is further analyzed.
Provided that a wide bandwidth is available (e.g., the bandwidth is B), there can be multiple ALOHA systems (of a bandwidth of B/M , where M is the number of systems or channels) which results in multichannel ALOHA [19] [8] [10] . It is shown that the throughput grows linearly with the number of channels. Thus, the total throughput per Hz becomes independent of the number of channels for a fixed bandwidth, which means that there is no advantage of multichannel ALOHA over single-channel ALOHA of wideband in terms of throughput.
In this paper, we consider an exploration approach for multichannel ALOHA to improve the performance. As in multi-armed bandit problems [20] [21] , exploration can help improve the performance. For exploration, in the proposed approach, each active user, i.e., a user with packet to transmit, is to send a preamble prior to packet transmission, and a base station (BS) sends the feedback information to active users to inform the numbers of transmitted preambles in multiple channels. We show that the feedback information, which is the outcome of exploration, can improve the throughput of multichannel ALOHA (as well as single-channel ALOHA). In particular, in terms of the maximum throughput, it is shown that the performance can be improved by a factor of 2 − e −1 ≈ 1.632 thanks to exploration.
It is noteworthy that the exploration by sending preambles becomes possible if the BS is able to estimate the number of transmitted preambles in each channel. Thanks to the notion of compressive random access [22] [23], the BS can estimate the number of transmitted preambles in each channel precisely. In addition, the proposed approach does not use SIC and CRRD, which makes it easy to implement.
In summary, the main contributions of the paper are as follows: i) a multichannel ALOHA scheme is proposed with exploration to improve the throughput; ii) performance analysis is carried out, which shows that the maximum throughput of the proposed is higher than that of conventional ALOHA by a factor of 2 − e −1 .
II. MOTIVATION AND SYSTEM MODEL
Throughout this paper, we only consider a slotted ALOHA system consisting of one BS and multiple users for uplink transmissions, where the BS periodically transmits a beacon signal for synchronization.
A. Motivation
Consider a single-channel ALOHA system. Let T d denote the length of data packet. If an active user (with a data packet to transmit) knows that there are other active users, she may not transmit to avoid collision. In order to see whether or not there are other active users, suppose that each active user can transmit a preamble sequence before data packet transmission, which can be seen as the exploration to learn the environment. Let T p denote the length of preamble. It is assumed that T p < T d in general. At the end of preamble transmission, we assume that the BS is able to detect all the transmitted preamble sequences and sends a feedback signal to inform the number of the transmitted preamble sequences. The length of feedback signal is denoted by T f .
An active user can make a decision whether or not she transmits her data packet based on the feedback from the BS. If there is only one preamble transmitted, the active user should send a data packet as there is no other active user. However, if the number of transmitted preambles is larger than 1, each active user may transmit a packet with a certain probability that might be less than 1. For example, in order to maximize the probability of successful transmission, the access probability might be 1 K , where K represents the number of active users or transmitted preambles that is fed back from the BS. Therefore, for a given K ≥ 1, the throughput, which is the average number of transmitted packets without collisions, becomes
As K → ∞, we can see that η sa approaches e −1 . On the other hand, if K = 1, η sa = 1. From (1), the average throughput can be shown to be higher than e −1 as follows:
On the other hand, suppose that the access probability, denoted by p, is decided without knowing K. In this case, if K is a Poisson random variable with mean λ, where λ is seen as the packet arrival rate, the throughput becomes
where the upper-bound can be achieved by p = 1 λ for λ ≥ 1. Therefore, there is a gain 1 (i.e., the difference between (2) and (3)) obtained by the exploration that allows active users to know how many are in contention, i.e, the number of active users, K. In addition, as shown in (1), the gain increases if K is small, which is also illustrated in Fig. 1 .
B. System Model
In this subsection, we generalize the exploration in the previous subsection to multichannel ALOHA.
Suppose that there are M orthogonal radio resource blocks for multiple access channels. We assume that each active user can randomly choose one channel and transmit a preamble signal to the BS in the exploration phase (EP). After the EP, the BS can find the number of active users for each channel. Let k m denote the number of active users transmitting their preambles through the mth channel. Then, the BS broadcasts the numbers of active users for all the channels, {k 1 , . . . , k M } so that all the active users can see the state of contention. For 1 The gain can be offset by the overhead due to exploration, i.e., the overhead due to preamble transmissions. However, if Tp ≪ T d , the offset might be negligible. We will discuss more details later. example, an active user transmits a preamble through the 1st channel and sees that k 1 = 1. In this case, clearly, the user is only one active user using channel 1.
S is the index set of the channels with only one active user transmitting preamble. For convenience, let S c denote the complement of S. In the data transmission phase (DTP), if a user transmitting a preamble through channel m sees that k m = 1 or m ∈ S, the user can send a data packet through the mth channel. For convenience, this user is referred to as a contention-free user. The group of contention-free active users is also referred to as Group I. On the other hand, when m ∈ S c (which implies that k m ≥ 2 as the user transmits a preamble through channel m and m / ∈ S), the user is referred to as a user in contention, and the group of active users in contention is referred to as Group II.
An example is shown in Fig. 2 with K = 3 and M = 4. Active user 2 chooses channel 3 to transmit a preamble and two other active users (user 1 and 3) choose channel 4. From this, the feedback information from the BS to the active users is {k 1 , k 2 , k 3 , k 4 } = {0, 0, 1, 2}. As a result, S = {3} and S c = {1, 2, 4}, and active user 2 belongs to Group I and active users 1 and 3 belong to Group II. If the user in contention transmits a packet through channel m, it will be collided with others. To avoid packet collision, the user can choose a different channel, say channel l ∈ S c , and transmits a packet. However, since another user in contention can choose channel l, there can be packet collision.
Although it is not possible to prevent collisions for users in contention, in order to mitigate packet collisions, we can assume that each user in contention can randomly choose a channel in S c with an access probability, p dtp , in the DTP to transmit a packet, while a user in contention does not transmit a packet with probability 1 − p dtp .
III. MAXIMUM THROUGHPUT COMPARISON
In this section, we focus on the maximum throughput for two schemes, namely conventional multichannel ALOHA and multichannel ALOHA with EP, and show that the ratio of the maximum throughput of multichannel ALOHA with EP to that of conventional multichannel ALOHA becomes 2 − e −1 ≈ 1.632, which can be seen as the gain of exploration.
A. Throughput of Conventional Multichannel ALOHA
In conventional multichannel ALOHA, we can find the average number of packets without collisions as follows:
For a large K, it can be shown that
whereN ma (M ) is the maximum throughput of multichannel ALOHA, which can be achieved if K = M . In addition, as in [19] , the arrival rate has to be lower than M e −1 for system stability.
B. Throughput of Multichannel ALOHA with EP
One of the main results of the paper can be stated as follows. Theorem 1: The ratio of the maximum throughput of multichannel ALOHA with EP to that of conventional multichannel ALOHA is
In the rest of this subsection, we prove Theorem 1. Let S = |S|, where S represents the number of active users that can transmit packets without collisions. Clearly, S ≤ min{K, M }. In addition, let W = K − S, where W becomes the number of active users in contention. For convenience, let L = M − S. Clearly, L is the number of the channels that are available for contention-based transmissions for W active users in contention or Group II. In addition, suppose that among W , U active users in contention are to transmit their packets through L channels. Clearly, for given W , U has the following distribution:
Throughout the paper, we assume that
which maximizes 2 the average number of packets without collisions in Group II. For a given U , the conditional average number of the packets that can be successfully transmitted from U users without collisions in contention during DTP becomes U 1 − 1 L U−1 .
As a result, the conditional average number of packets without collisions (for given U , L, and S) is given by
where the first term on the right-hand side (RHS) in (9) is the number of packets without collisions from Group I and the second term is that from Group II. For convenience, let
which is the average number of packets without collisions (for given K and M ) in multichannel ALOHA with EP. Lemma 1: Suppose that M and K are sufficiently large so that L and W are also large. The upper bound on N ep (K, M ) is given by
Proof: From Eq. (9), we have
In (12), it can be shown that
Since U depends on W and W depends on K, we have (7), after some manipulations, it can be shown that
If p dtp L ≪ 1, it follows that
2 For Group II, we can consider a multichannel ALOHA system with L channels and W users. In this case, p dtp is seen as the access probability that can maximize the throughput if it is given in (8) [19] , [10] .
The upper bound can be achieved if
As a result, since L = M − S, it can be shown that
Substituting (13) and (16) into (12), we have
which completes the proof. From (11) , the maximum throughput of multichannel ALOHA with EP is given bȳ
For a sufficiently large K,S(K) ≈ Ke − K M . Thus, if we consider the throughput gain using the ratio of the maximum throughput of multichannel ALOHA with EP to that of conventional ALOHA, it can be shown that
which finally proves Theorem 1. From this, it is clear that the EP can improve the performance of multichannel ALOHA (in terms of the throughput) by a factor of 1.632.
IV. IMPLEMENTATION ISSUES
In this section, we discuss a few key issues in implementations including the cost for exploration and the estimation of the number of transmitted preambles.
A. Cost for Exploration
In multichannel ALOHA with EP, each active user has to transmit a preamble prior to packet transmission. Thus, the length of slot in multichannel ALOHA with EP is
In multichannel ALOHA with EP, there are two types of feedback: one is for the numbers of transmitted preambles in M channels and the other is for the collisions of packets from the active users in Group II. Thus, the following factor can be considered:
where ǫ T = Tp+T f
T d +T f . The effective throughput of multichannel ALOHA with EP for the comparison with that of conventional multichannel ALOHA becomes κN ep (M ). As a result, if
the exploration becomes beneficial to improve the performance of multichannel ALOHA. As mentioned earlier, since T d ≫ T p , we can see that κ ≈ 1. Thus, in general, multichannel ALOHA with EP can have a better performance than conventional multichannel ALOHA.
B. Determination of Number of Transmitted Preambles
In multichannel ALOHA with EP, we can consider two different cases when an active user transmits a preamble. In the first case, it is assumed that there is a common set or pool of preambles, denoted by C = {c 1 , . . . , c L }. Here, c l represents the lth preamble sequence (of length T p ) and L denotes the number of the preambles in C. Any active user is to randomly choose one in C. At the BS, the signal received through the mth channel can be expressed as follows:
where C = [c 1 . . . c L ] and n m ∼ CN (0, N 0 I) is the background noise vector. Here, the lth element of s m , denoted by s m,l , is given by s m,l = k∈K m,l h k √ P k , where h k is the channel coefficient from active user k to the BS, P k is the transmit power of active user k, and K m,l is the index set of the active users choosing the lth preamble in the mth channel. Suppose that active users can decide their transmit powers to reach a target signal-to-noise ratio (SNR), i.e., |h k | 2 P k N0 ≥ Γ, where Γ is the target SNR. It is expected that s m is a k msparse vector (note that k m is the number of the active users in the mth channel). Then, when L > T p , using compressive sensing algorithms [24] , the BS is able to estimate s m under certain conditions (of C and the maximum sparsity of s m ) [25] [26] , which has been discussed in the context of compressive random access. Once s m is estimated, the determination of the number of active users or the estimation of k m becomes straightforward (because k m can be found from the sparsity of s m ), while preamble collision 3 [27] [28] can result in errors in estimating k m . From [29] , for the mth channel, the conditional probability of no preamble collision can be found as
where the approximation is actually a lower-bound (thus,
is an upper-bound on the conditional probability of preamble collision). If K active users are uniformly distributed over M channels and K is assumed to follow a Poisson distribution with mean λ, it can be shown that
where λ M < 1. Thus, λ 2 2LM 2 becomes the probability of preamble collision. It can be shown that
where δ ≪ 1 is a threshold probability of preamble collision.
To keep δ, we need
For example, letting δ = 0.01 (i.e., the probability of preamble collision is less than 0.01), using (25) , the number of preambles to keep the probability of preamble collision lower than 0.01 is shown in Fig. 3 (a) and the actual probability of preamble collision is shown in Fig. 3 (b In the second case, it is assumed that all users have unique preamble sequences. In this case, there is no preamble collision. However, there are a large number of columns of the matrix of preambles (which is the same as the number of all users), which makes the sparse signal estimation (and the determination of the number of active users) difficult. To avoid it, as suggested in [30] , sparse preamble sequences can be used.
In summary, by exploiting the notion of compressive sensing, it is possible to determine k m at the BS. Note that, in the first case, it is not necessary that the preamble sequences are orthogonal. For example, we can use Zadoff-Chu or Alltop sequences [31] for preambles with reasonably low crosscorrelation. In this case, the number of preambles becomes L = T 2 p (for Alltop sequences) when T p ≥ 5 is a prime. That is, a large number of preambles to keep the probability of preamble collision low can be obtained with a reasonable length of preamble, T p .
C. Downlink for Feedback
As mentioned earlier, in multichannel ALOHA with EP, the BS needs to feed back the number of active users in each channel, {k 1 , . . . , k M }. Thus, if n f bits are allocated for each k m , there might be n f M bits required for the feedback. Here, n f = ⌈log 2 max k m ⌉, where max k m might be a constant.
In fact, the number of feedback bits can be reduced. For each channel, it is necessary to send one bit: b m = 1 if k m = 1 and b m = 0 otherwise, where b m is one-bit feedback for channel m. If an active user that transmits a preamble to channel m receives b m = 1, this user belongs to Group I (i.e., contention-free), and S = {m | b m = 1}. Otherwise, an active user becomes a member of Group II. In this case, to decide p dtp , the BS needs to send additional information, which is W , while L can be found at any active user from {b m } as
Thus, a total number of feedback bits is M + ⌈log 2 max W ⌉.
V. SIMULATION RESULTS
In this section, we present simulation results for multichannel ALOHA when K follows a Poisson distribution with mean λ. In addition, we only consider the case that λ ≤ M . Note that if λ > M , the system is overloaded. In this case, since there might be more active users than channels, it is expected that k m > 1 for most m. Therefore, the exploration gain would be diminished and multichannel ALOHA with EP becomes less useful. Fig. 4 shows the total throughputs of conventional multichannel ALOHA and multichannel ALOHA with EP as functions of M when λ = 20. We can see that the exploration can help improve the throughput of multichannel ALOHA. In Fig. 5 , the total throughputs of conventional multichannel ALOHA and multichannel ALOHA with EP are shown as functions of M when α = λ M = 0.8 is fixed. Note that the difference between the throughputs grows linearly with M . VI. CONCLUDING REMARKS In this paper, an exploration approach has been proposed for multichannel ALOHA by sending preambles prior to packet transmissions to allow active users to learn the state of contention. We found that the exploration gain is 2 − e −1 in terms of the ratio of the maximum throughput of multichannel ALOHA with EP to that of conventional multichannel ALOHA. Thanks to the improved throughput, the proposed multichannel ALOHA scheme with EP becomes suitable for massive MTC.
